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Proneural proteins of the class I/II basic-helix-loop-
helix (bHLH) family are highly conserved transcrip-
tion factors. Class I bHLH proteins are expressed
in a broad number of tissues during development,
whereas class II bHLH protein expression is more
tissue restricted. Our understanding of the function
of class I/II bHLH transcription factors in both
invertebrate and vertebrate neurobiology is largely
focused on their function as regulators of neurogen-
esis. Here, we show that the class I bHLH proteins
Daughterless and Tcf4 are expressed in postmi-
totic neurons in Drosophila melanogaster and mice,
respectively, where they function to restrict neurite
branching and synapse formation. Our data indicate
that Daughterless performs this function in part by
restricting the expression of the cell adhesion mole-
cule Neurexin. This suggests a role for these proteins
outside of their established roles in neurogenesis.INTRODUCTION
Proneural proteins of the class I/II basic-helix-loop-helix (bHLH)
family are transcription factors that are highly conserved from in-
vertebrates to humans (reviewed in Guillemot, 2007; Powell and
Jarman, 2008). Class I bHLH proteins are expressed in a broad
number of tissues during development, while class II bHLH pro-
tein expression is more tissue restricted. Generally, class I bHLH
proteins heterodimerize with class II bHLH proteins to activate
gene expression (Powell and Jarman, 2008). However, class I
bHLH proteins have also been reported to homodimerize (Cab-
rera and Alonso, 1991) and restrict (Lim et al., 2008) or activate
(Tanaka-Matakatsu et al., 2014) gene expression. Class I bHLH
proteins also form heterodimers with class V bHLH proteins of
the inhibitor of differentiation (ID) family. This I/V interaction in-
hibits class I bHLH DNA binding and functions as a dominant-
negative interaction to compete against binding of type I factors386 Cell Reports 15, 386–397, April 12, 2016 ª2016 The Authors
This is an open access article under the CC BY license (http://creativewith type II factors, thus preventing gene expression (Massari
and Murre, 2000; Quednow et al., 2014).
Our current understanding of the function of class I/II bHLH
transcription factors in both invertebrate and vertebrate neurobi-
ology is largely focused on their function as master regulators of
embryonic neurogenesis (Powell and Jarman, 2008). A wealth of
literature shows that the expression of class I/II bHLH proteins is
both necessary and sufficient to initiate programs that lead to the
differentiation of neural stem/progenitor cells (NSCs/NPCs)
(Guillemot, 2007). However, we are also beginning to appreciate
the roles that class II bHLH proteins play in terminally differenti-
ated cells. For example, in Drosophila, the class II bHLH protein
Atonal functions to promote postmitotic neuron migration, axon
guidance, and arborization in the dorsal cluster neurons in the
brain (Hassan et al., 2000). In mammals, the Atonal homolog
Atoh1/Math1 is essential for migration of postmitotic retrotrape-
zoid nucleus neurons required for proper respiration (Huang
et al., 2012). However, to date, there is no published finding on
the function of any class I bHLH protein in postmitotic neurons
in either vertebrates or invertebrates.
Mutations in Transcription Factor 4 (TCF4; a human class I
bHLHprotein) have been reliably identified in genome-wide asso-
ciation studies as a susceptibility risk factor for schizophrenia
(Schizophrenia Psychiatric GWAS, 2011; Stefansson et al.,
2009; Steinberg et al., 2011) and have also been associated with
Pitt-Hopkins syndrome (Amiel et al., 2007; Brockschmidt et al.,
2007; Sepp et al., 2012; Zweier et al., 2007). It is unknownwhether
these diseases are due to defects in neurogenesis, in mature
differentiated cells, or both. Literature suggests that disrupted
neurogenesis and/or neural differentiation may be partly respon-
sible. For example,Tcf4 isexpressedwidely in thenervoussystem
during mouse embryonic development and is also expressed in
germinal layers (dentate gyrus, subventricular zone, and rostral
migratory stream) of the postnatal mouse brain (Flora et al.,
2007).Tcf4 homozygousmutantmice are viablewith normal over-
all brain morphology, but only live for 1–6 days (Flora et al., 2007).
These diseases and neurocognitive disorders may also be
a result of dysfunction in postmitotic/differentiated neurons. To
further understand the contributions of type I bHLH proteins
in postmitotic neurons, we analyzed the effect of alteringcommons.org/licenses/by/4.0/).
Figure 1. Da Is Present in Postmitotic Neurons of the VNC
Confocal images of third instar VNC labeled with a-Da (red), DAPI (blue), and
membrane bound GFP (green). Themembrane bound GFP expressed by elav-
GAL4 labels postmitotic neurons.
(A–C) WT VNC. (A) VNC labelled for Da, ELAV, and DAPI (DNA). (B) ELAV
channel alone from (A). (C) Da channel alone from (A). Arrows mark postmitotic
neuron highlighted in inset.
(D–F) VNC where Da expression is knocked down. (D) VNC labelled for Da,
ELAV, and DAPI (DNA). (E) ELAV channel alone from (D). (F) Da channel alone
from (D). The arrows mark the postmitotic neuron that is highlighted in the
inset.
(G) Intensity of Da immunofluorescence within GFP+ neurons normalized to Da
immunofluorescence in GFP neurons.
(H) Percentage change of damRNA levels in genotypes listed relative to UAS:
Dcr2;;elav-Gal4 outcrossed control.
(I) Western blot analysis of Da protein expression from third instar larval brains
in control, overexpression, and knockdown genotypes.
(J) Optical density quantification of western blot relative to actin controls in
each genotype. The error bars represent SE. The scale bar represents 10 mm.daughterless (da, the only type I bHLH protein in Drosophila;
Caudy et al., 1988) and Tcf4 using two genetically tractable
model systems, Drosophila melanogaster and Mus musculus.
In this study, we show that Da is present in the postmitotic
motor neurons of the fly neuromuscular junction (NMJ), where
it functions to restrict axonal arborization in these postmitotic
cells. Our data indicate that Da performs this function by restrict-
ing the expression of neurexin. Similarly, we show that Tcf4 is
also present inmouse brain postmitotic neurons, and thatmouse
Tcf4 also functions to restrict neurite branching/synaptogenesis
and neurexin expression.
RESULTS
Da Is Present in Postmitotic Neurons and Functions to
Restrict Axon Arborization at the Drosophila NMJ
To investigate the role of da in postmitotic neurons, we deter-
mined whether Da protein was present in differentiated neural
cells.We focusedon theventral nervecord (VNC)of flies (Figure1)
and observed extensive Da protein localization by immunohisto-
chemistry in most cells (Figures 1A–1C) with an established Da
antibody (Cronmiller and Cummings, 1993). We used the Gal4/
UAS system to express a membrane-tagged GFP with the elav-
Gal4 driver to exclusively identify postmitotic neurons at this
stage of development (Robinow and White, 1988, 1991; Yao
and White, 1994) (Figures 1A and 1B). We observed significant
localization of Da in the nuclei of multiple postmitotic neurons
(Figures 1A–1C and S1A–S1C). In order to validate the specificity
of Da localization in postmitotic neurons, we used RNAi to knock
down Da expression in postmitotic neurons by driving a short
hairpin targeting da under UAS control (UAS-daRNAi1) with the
elav-Gal4 driver that incorporates Dicer (UAS: Dcr2;;elav-Gal4).
We observed an approximate 58% reduction in Da protein
levels in the nuclei of elav positive VNCneurons inDa knockdown
animals compared to wild-type (WT) controls (Figure 1G; inset
in Figures 1A–1F). We further validated the efficiency of the
knockdown by RT-quantitative (q)PCR analysis and observed a
roughly 54% decrease in damRNA levels from whole third instar
larval brains compared to outcrossed controls (Figures 1H and
S1G). For further validation of expression and knockdown, weCell Reports 15, 386–397, April 12, 2016 387
Figure 2. Altered Da Expression Affects the
Number of Synaptic Boutons
(A) Confocal images of third instar larval NMJs,
muscles 6 and 7, labeled with a-HRP (white). The
control, Da knockdown, and Da overexpression
are labeled.
(B) Quantification of the total number of boutons
and 1s/1b subtype of bouton. The genotypes are
indicated. The responder corresponds to UAS
mediated expression. The Gal4 Driver corre-
sponds to elav-Gal4 (Pan-Neural) or OK371-Gal4
(Glutamatergic).
(C) Quantification of total number of branches and
tertiary subtype branches. The error bars denote
SE in all cases (*p < 0.05; **p < 0.01; and ***p <
0.01). The scale bar represents 10 mm.utilized OK371-Gal4 as a second driver to express these trans-
genes in postmitotic glutamatergic motor neurons (Figure S1).
Weagain observed a significant amount ofDaprotein localization
within postmitotic glutamatergic motor neurons marked with this
driver in third instar larval VNCs (Figures S1A–S1C). Knocking
down Da in these neurons led to an approximate 37% decrease
in Da protein levels in situ (Figures S1D–S1G). Finally, to verify
protein knockdown in whole brain tissue, we performed western
blot analysis from third instar larval brainswith alteredDa expres-
sion in postmitotic neurons (using the elav-Gal4 driver). We
observed a significant decrease in Da protein when Da was
knocked down (Figures 1I and 1J) and an increase in Da protein
when overexpressed compared to controls (Figures 1I and 1J).
Taken together, these data suggest that Da is present in postmi-
totic, glutamatergic neurons in third instar larval VNCs, and that
the elav-Gal4 and OK371-Gal4 drivers significantly knock down
Da protein levels in situ with differential efficiency.
In Drosophila, the motor neurons controlling the larval NMJ
have their soma in the VNCof third instar larval brains and project
axons out of the VNC that synapse with the musculature in
the larval body wall. As Da is abundantly present in third
instar postmitotic neurons throughout the VNC, we used the
well-defined innervation of the third instar Drosophila NMJ
muscle 6/7 of abdominal segment 3 to analyze the effects of Da
alteration on synaptic development. We used RNAi to knock
down Da protein levels and a UAS:da transgenic construct to
overexpress Da protein in postmitotic motor neurons (elav-
Gal4) and glutamatergic neurons (OK371-Gal4). We observed a
significant increase in the number of synaptic boutons when we388 Cell Reports 15, 386–397, April 12, 2016knocked down Da levels with both drivers
compared to control NMJs (Figures 2A
and 2B; Table S1). There was a stronger
effectwith theUAS:Dcr2;;elav-Gal4driver
compared to the OK371-Gal4 driver,
which is consistent with the observed effi-
ciency of Da knockdown (Figures 1 and
S1). To verify the knockdown specificity,
we performed three separate experi-
ments. First, we simultaneously knocked
down and overexpressed Da. With both
drivers, we observed a significant rescuein the number of boutons (Figure 2B; Table S1). Second, we
used a separate independent RNAi construct to knock down
Da and again observed a significant increase in boutons
compared to outcrossed controls (Table S1). Third, we ex-
pressed a nonspecific luciferase RNAi in postmitotic neurons
and found no significant difference between luciferase RNAi
and controls (Table S1). Conversely, when we overexpressed
Da in postmitotic motor neurons, we observed a significant
decrease in total bouton number (Figures 2A and 2B; Table S1).
Mature WT boutons are morphologically divergent, consisting
of 1 small (s) and 1big (b) boutons. There was a significant
increase in the number of both 1s and 1b boutons when we
knocked down Da compared to controls (Figure 2B). Again, we
observed rescue with Da (Figure 2B; Table S1) and obtained
consistent data with a second independent RNAi line (Table
S1). Conversely, we observed a significant decrease in both 1s
and 1b when we overexpressed Da (Figure 2B; Table S1).
Thus, Da affects both 1s and 1b boutons similarly.
Examination of the branch number in each genotype revealed
a significant increase in overall axonal branching (Figures 2A and
2C), including the tertiary (Figures 2A and 2C) in motor neurons
when we knocked down Da. We again observed rescue with
Da (Figure 2C; Table S1) and similar results with an independent
RNAi line (Table S1). Conversely, there was a significant
decrease in overall (Figures 2A and 2C; Table S1) and tertiary
axonal branching (Figures 2A and 2C; Table S1) when Da was
overexpressed. Taken together, these data suggest that Da
functions in postmitotic neurons to restrain axonal branching
and synaptic growth of the NMJ.
Figure 3. Altered Da Expression Affects Synaptic Transmission and
Behavior
(A) Representative eEJC amplitudes obtained after stimulation of the presyn-
aptic motor neuron (upper). Sample traces of spontaneous activity are shown
in the lower image.
(B) Sample traces of spontaneous activity for a 1 min period.
(C) Quantification of mEJC amplitudes, mEJC amplitudes, and mEJC fre-
quency.
(D) Total number of larval contractions per 30 s in different genotypes. The ge-
notypes are indicated. The responder corresponds to UAS mediated expres-
sion. The Gal4 Driver corresponds to elav-Gal4 (Pan-Neural) or OK371-Gal4
(Glutamatergic). The error bars denote SE in all cases (*p < 0.05 and **p < 0.01).Da Regulates Active Zone Number and Localization,
Synaptic Transmission, and Locomotion Behavior
We next determined whether perturbation of Da in postmi-
totic neurons affected neuronal function. Each bouton containsseveral uniformly spaced active zones where presynaptic vesi-
cles are docked and released (Kittel et al., 2006a). These active
zones are associated with electron-dense cytomatrices called
T-bars (Zhai and Bellen, 2004), which are readily marked by
the presynaptic T-bar associated protein Bruchpilot (Brp), a ho-
molog of mammalian active zone protein ELK/CAST (Kittel et al.,
2006b). We assessed whether Brp localization was changed in
postmitotic neurons when Da expression was altered. We
observed a significant increase in the total number of active
zones (Figures S2A and S2B) with Da knockdown in postmitotic
neurons usingUAS: Dcr2;;elav-Gal4. However, there was no sig-
nificant increase in the active zone number with Da knockdown
using OK371-Gal4 (Figure S2B), suggesting that a stronger
knockdown is required for this effect in neurons. Similarly, there
were no significant differences in active zone density when using
either driver to knock down Da (Figure S2C). Further, overex-
pression of Da did not result in any significant difference in active
zone number (Figures S2A and S2B) or density (Figure S2C).
Interestingly, we did observe a mislocalization of Brp in post-
mitotic axonswhenwe overexpressedDa (arrow and inset in Fig-
ure S2A). While Brp puncta are normally restricted to presynaptic
boutons in normal postmitotic axons, Brp puncta appear local-
ized in the motor axon proper (arrow and inset in Figure S2A) in
postmitotic neurons overexpressing Da. These data suggest
that there is no functional defect in Brp biosynthesis in these neu-
rons when Da is overexpressed. Thus, the increase in Brp after
Da knockdown is most likely due to the increase in the number
of overall boutons, which were higher in animals when elav-
Gal4 is used (significant increase in active zones) and lower in
animals when OK371-Gal4 is used (no significant increase in
active zones).
Given the defects we observed in bouton number, branching,
and active zone localization when we altered Da levels in postmi-
totic neurons, we next analyzed synaptic transmission and larval
locomotor behavior in these animals. We analyzed neurotrans-
mission at muscle 6 of abdominal segment 3 or 4 using two-elec-
trode voltage clamp. Overexpression of Da in glutamatergic
postmitotic neurons led to a significant decrease in evoked
eEJC amplitudes (Figures 3A and 3C) and mEJC frequency (Fig-
ures 3B and 3C). Although we observed a trend for decreased
mEJC amplitudes, this was not statistically significant (p =
0.14; Figure 3C), and there was no significant change in quantal
content after Da overexpression (data not shown). These results
suggest that the significant decrease in branching and boutons
we observed when we overexpressed Da in motor neurons
leads to a significant decrease in neurotransmission at these
synapses.
Interestingly, knock down of Da did not significantly affect
neurotransmission compared to outcrossed controls (Figures
S2D–S2F), although we did observe a trend for decreased
mEJC frequency (Figure S2D). Taken together, these data sug-
gest that although the NMJ synapse is overelaborated when
Da is knocked down in postmitotic motor neurons, these synap-
sesmay not be functioning at their full capacity. Therefore, we do
not observe any significant increase or hyperactivity in overall
synaptic transmission at these synapses. To directly validate
this observation, we analyzed behavioral output of the larvae
by measuring larval contraction after we knocked down andCell Reports 15, 386–397, April 12, 2016 389
overexpressed Da in postmitotic neurons. Larval contraction
relies on proper glutamatergic neurotransmission and is signifi-
cantly affected by mutations that affect transmission (Sand-
strom, 2004). Thus, altered behavior after knockdownDa in post-
mitotic neurons would be consistent with decreased synaptic
transmission overall in the animal. We observed a significant
decrease in larval contractions when we both knocked down
and overexpressed Da in postmitotic neurons compared to out-
crossed control (Figure 3D). Taken together, these data suggest
that misexpression of Da leads to decreased larval locomotion
behavior.
Da Restriction of Axonal Branching and Synapse
Formation Is Mediated by Neurexin Expression
Da binds DNA at E box (CANNTG) consensus sequences to con-
trol transcription (Cabrera and Alonso, 1991; Cronmiller and
Cummings, 1993; Massari and Murre, 2000). Therefore, we hy-
pothesized that Da function in postmitotic neurons may be tran-
scriptional. In an initial attempt to generate a tractable list of bona
fide Da target genes, we could analyze at the larval NMJ, we
used published data sets from two large-scale genome-wide
analyses involving Drosophila Da and human TCF4 (Figure S3A).
From these analyses, we identified 44 candidate genes that were
specifically expressed in the fly NMJ. We sorted this list of 44
genes into categories relevant for neurotransmission, microtu-
bule associated proteins, axon guidance, cell adhesion, and
vesicle associated proteins to smaller overlapping profiles
(Figure S3A).
To validate this approach, we performed qRT-PCR to analyze
the relative mRNA levels of the neurexin (nrx-1) transcripts in
larval brains when we knocked down and overexpressed Da
(Figure S3B). nrx-1 encodes a cell surface adhesion molecule
and is the only functional Neurexin protein in fly neurons (Zeng
et al., 2007). We chose nrx-1 because previous literature demon-
strated that nrx-1 mutants exhibited significantly fewer boutons
at the 6/7 fly larval NMJ, while increased Nrx-1 protein expres-
sion significantly increased the number of boutons (Li et al.,
2007). This is exactly the opposite of what we observe with Da,
where decreased Da leads to increased boutons and increased
Da leads to decreased boutons (Figure 2). Further, human
NRXN1 is a known transcriptional target of TCF4 in HEK293 cells
(Forrest et al., 2012), and fly nrx-1 is a direct transcriptional target
of Da in Drosophila embryos (MacArthur et al., 2009). Finally,
TCF4 is associated with schizophrenia (Schizophrenia Psychiat-
ric GWAS, 2011; Stefansson et al., 2009; Steinberg et al., 2011),
as is NRXN1 (Rujescu et al., 2009).
We observed a 3.21-fold increase in nrx-1 mRNA in brains
where Da was knocked down (UAS: Dcr2;;elav-Gal4; Fig-
ure S3B). Conversely, we observed an 86% decrease in nrx-1
mRNA levels in brains where Da was overexpressed (Fig-
ure S3B). The Nrx-1 protein is located presynaptically, interacts
with neuroligin on the postsynaptic membrane at the synapse,
and is important for synapse formation, synaptic growth, synap-
tic transmission, and function in Drosophila (Li et al., 2007; Zeng
et al., 2007). Because of the importance of Nrx-1 at the presy-
napse specifically, we analyzed the relative expression of the
Nrx-1 protein at the axonal terminal boutons in animals with
altered Da expression. We observed a significant increase in390 Cell Reports 15, 386–397, April 12, 2016Nrx-1 immunolocalization in terminal axonal boutons when we
knocked down Da using the elav-Gal4 driver (Figures 4B, 4E,
4H, 4K, and 4M) compared to outcrossed controls (Figures 4A,
4D, 4G, 4J, and 4M). Conversely, we observed a slight decrease
in Nrx-1 immunolocalization in axonal terminal boutons when we
overexpressed Da (Figures 4C, 4F, 4I, 4L, and 4M). To confirm
the decrease in Nrx-1 immunostaining, we utilized a nrx-1 GFP
reporter construct to analyze the relative nrx-1 mediated GFP
fluorescence in the VNC (Figure S3C). We observed a significant
increase in this GFP reporter when we knocked down Da using
elav-Gal4 (Figures S3D and S3F). Conversely, we observed a
slight decrease in GFP reporter when we overexpressed Da (Fig-
ures S3E and S3F). These data are consistent with our observa-
tions of Nrx-1 protein expression in terminal boutons when Da is
altered and suggest that Da functions as a repressor of nrx-1
transcription in postmitotic neurons.
Because we observed increased Nrx-1 immunolocalization
and nrx-1 GFP reporter expression in terminal boutons after Da
knockdown, we determined if knock down of Nrx-1 in a back-
ground where Da was also knocked down could potentially
rescue the increased bouton phenotype we observed. We coex-
pressed both da and nrx-1 RNAi constructs in postmitotic neu-
rons of the fly NMJ. Knock down of Nrx-1 in cells where Da
was also knocked down suppressed the significant increase in
boutons (Figure 4N), bouton subtypes (Figure 4O), and active
zone numbers (Figure 4P). Taken together, these data suggest
that the increased bouton and active zone phenotype in animals
where Da was knocked down may be partially mediated by
increased nrx-1 expression in fly motor neurons and increased
localization of Nrx-1 protein at terminal boutons in these animals.
Da Homodimers Mediate Synapse Restriction via
Repression of Neurexin
Generally, class I bHLH proteins heterodimerize with other bHLH
proteins to activate gene expression (Powell and Jarman, 2008).
However, class I bHLH proteins have also been reported to ho-
modimerize (Cabrera and Alonso, 1991). Our lab has previously
shown that Da can function as both an activator and a repressor
on cis-regulatory elements in the atonal gene in the same cells at
a different time in development (2 hr later) (Melicharek et al.,
2008). Da repression of gene expression has been shown by
others as well (Andrade-Zapata and Baonza, 2014). It is hy-
pothesized that an increase in Da homodimers would mediate
this repression and mimic Da overexpression phenotypes (An-
drade-Zapata and Baonza, 2014; Bhattacharya and Baker,
2011). Therefore, we hypothesized that Da homodimers would
mimic the phenotypes we observe with Da overexpression
alone. Recently, peptide-linked Da homodimers were created
and can be expressed in a tissue specific fashion using Gal4/
UAS (Tanaka-Matakatsu et al., 2014). We expressed these
homodimers specifically in postmitotic neurons and analyzed
their effect on axon arborization at the Drosophila NMJ. Similar
to Da overexpression, we observed a significant decrease in
total bouton number compared to controls (Figures S4A–S4C),
decreased 1s and 1b boutons (Figure S4D), decreased total
branch number (Figure S4E), and decreased tertiary branch
numbers (Figure S4F). We then analyzed the expression of
nrx-1 in situ using the nrx1 GFP reporter construct; however,
Figure 4. Da Phenotypes Are Mediated by
Neurexin
(A–L) Confocal images of third instar larval NMJs,
muscle 6 and 7, labeled with a-Nrx1 (red) and
a-HRP (green). (A, D, G, and J) Control NMJ. (B, E,
H, and K) Da knockdown NMJ. (C, F, I, and L) Da
overexpression NMJ. (G and J) High magnification
of boxed area in (A). (H and K) Highmagnification of
boxed area in (B). (I and L) High magnification of
boxed area in (C). The arrows indicate boutons
where Nrxn1 expression is normally highest.
(M) Relative abundance of Nrx1 immunofluores-
cence in genotypes indicated in a.u.
(N–P) Total number of boutons (N), bouton sub-
types (O), and active zones (P) listed for control and
experimental genotypes. Magenta indicates Neu-
rexin-1 rescue genotype (UAS: Dcr2; UAS:daRNAi1/
UAS:Nrx1RNAi; elav-Gal4). The error bars repre-
sent SE in all cases (*p < 0.05 and **p < 0.01).we did not obtain any viable third instar larvae (0/144) of the
appropriate genotype (elav-Gal4;; nrx-1 GFP/ UAS:Da-Da), sug-
gesting that we may be decreasing nrx-1 expression to such an
extent in the nervous system in this genetic background as to
induce nrx-1mediated loss-of-function lethality. Taken together,
these data suggest that Da homodimers mediate (in part) the
decreased number of boutons associated with Da overexpres-
sion and suggest a potential mechanism by which Da controls
axonal branching and synapse formation in these neurons.
The Mammalian Da Homolog Tcf4 Is Present in
Postmitotic Neurons and Restricts Neurite Branching
Next, we determined whether this observation was conserved
outside of invertebrates. Da, and its mammalian ortholog, Tcf4,
share conserved functions which were recently highlighted by
the finding that expression of human TCF4 can rescue loss-of-
function da mutant phenotypes in Drosophila (Tamberg et al.,
2015). To explore the postmitotic neuronal function of Tcf4 inCmammals, we first tested for specificity
of Tcf4 antibody and efficiency of Tcf4
small interfering (si)RNA knockdown in
mouse NSCs/NPCs using western blot
and RT-PCR analysis (Figure S5). We
observed significant knock down of both
Tcf4mRNA and Tcf4 protein with multiple
siRNAs targeting mouse Tcf4, suggesting
that both the Tcf4 antibody and siRNA
knockdown for Tcf4 are effective.
To interrogate the function of Tcf4 in
mammalian postmitotic neurons, we first
evaluated the cellular localization pattern
of Tcf4 immunoreactivity in adult mouse
brain tissues (Figures 5 and S6). We
observed that Tcf4 protein is highly
localized in some, but not all postmitotic
neurons throughout the adult mouse
brain, predominantly in the prefrontal
cortex and limbic system (i.e., hippo-campus and amygdala, data not shown). Double-labeled
immunofluorescent confocal imaging analysis showed punc-
tate staining of Tcf4 in the soma and neurites of mature dopa-
minergic tyrosine hydroxylase (TH) positive neurons (Fig-
ure S6A) and glutamatergic (vGlut2) postmitotic neurons
(Figure S6C). We observed both nuclear and cytoplasmic
localization of Tcf4 (Figures 5 and S6), which is consistent
with what we observed in postmitotic neurons in the fly. We
also observed only nuclear staining in some neurons or only
cytoplasmic staining in most neurons (Figures 5 and S6). In
particular, the majority of Tcf4 immunoreactivity was found in
the neuronal cytoplasmic soma and dendrites of adult mouse
brains (Figure 5A). Multilabeled immunofluorescent histochem-
istry validated that Tcf4 localization was located predominantly
in MAP2-positive soma and dendrites, but rarely colocalized
with axonal presynaptic markers synaptophysin, NF-M, and
vGlut2 (Figures 5 and S6). Taken together, these data suggest
that Tcf4 is both nuclear and cytoplasmic in mammalianell Reports 15, 386–397, April 12, 2016 391
Figure 5. Tcf4 Is Present in the Soma and
Dendrites of Postmitotic Neurons in Adult
Mouse Brain Detected by Multilabeled Fluo-
rescent Immunohistochemistry
(A–F) Representative confocal single stack (A–E)
and maximized images (F) showing Tcf4 localiza-
tion in the cytoplasmic soma and dendrites of
postmitotic neurons in prefrontal cortex (A) and its
complete colocalization (arrows) with postsynaptic
MAP2 (B and D), but absence of colocalization with
presynaptic synaptophysin (C and E). (F) Shows the
maximized image of 15 stacks separated by 0.5 mm
thickness.postmitotic neurons and localized mainly to the postsynaptic
soma and dendrites.
To test the hypothesis that Tcf4 also functions to restrict
neurite branching in mammalian postmitotic neurons, we used
lentiviral transduction to knock down Tcf4 in NSCs/NPCs
derived from the subventricular zone (SVZ) of adult mouse
brains. We then differentiated these cells into neurons (colabeled
with Tuj1) and nonneuronal cells and after 5 days assessed
morphological changes of differentiated postmitotic neurons
(Figures S7A and S7B). We observed a significant increase in
total neurite length (Figure S7C), although the longest neurite
length was not significantly affected (Figure S7D). We also
observed a significant increase in the total number of neurite
branches (Figure S7E). We analyzed the type of neurite branch
for each neuron and found a significant increase in the number
of secondary branches (Figure S7F). This is similar to the pheno-
types at the Drosophila NMJ, where we observed a significant
increase in the number of tertiary branches. Overexpression of
Tcf4 in NSCs/NPCs led to significant lethality with decreased
GFP expression. Taken together, these data suggest that Tcf4,
like its Drosophila ortholog, also functions to restrict neurite
branching in postmitotic neurons in vitro.
To validate our in vitro findings for Tcf4 in restricting neurite
branching, we used lentiviral transduction to knock down Tcf4
in the postmitotic interneurons of adult mouse olfactory bulb.
To ensure that we were analyzing the morphology of mature
neurons that were postmitotic, we selected a 1month time-point
after lentivirus microinjection and analyzed the morphology of
newly born olfactory interneurons that have differentiated and
matured from the NPCs and neuroblast cells migrated from the
SVZ to the olfactory bulb in adult mouse brains (Geraerts et al.,
2006). We utilized this model for multiple reasons. First, lenti-
virus-mediated stable Tcf4 knockdown does not alter the ability
of these labeled neural cells to undergo neurogenesis, or migrate
to their proper locations, but could still potentially have an effect
on the neurite branching and functional integration of the differ-392 Cell Reports 15, 386–397, April 12, 2016entiated postmitotic neurons (Geraerts
et al., 2006). Second, the dendrites from
these particular neurons form presynaptic
connections to release neurotransmitter,
allowing us to continue to analyze presyn-
aptic structures that are also postmitotic
(Egger et al., 2005). However, we cannotcompletely rule out potential effects on NPCs using this
technique.
We observed an increase in total dendritic length and dendritic
length by type when we knocked down Tcf4 in olfactory interneu-
rons using Tcf4#34 in vivo (Figure 6B) andobserved an increase in
the total number of dendrites as well (Figure 6D). Though we did
not observe an increase in total dendritic lengthwhenweknocked
down Tcf4 using Tcf4#627, we did observe a significant decrease
in dendritic length by type and a trend for increased total dendritic
number. We did not observe any significant difference in the total
numbers of dendritic spines in any case (data not shown).
Conversely, when we overexpressed Tcf4, we observed a sig-
nificant decrease in total dendritic length (Figure 6B), dendritic
length by type (Figure 6C), and total number of dendrites (Fig-
ure 6D). Taken together, these data are consistent with the
phenotypes we observe in Drosophila when we decrease and
increase Da expression and suggest that Tcf4 also functions to
restrict dendritic branching and dendritic length in mammalian
postmitotic neurons in vivo.
Neurexin Is a Direct Target of Tcf4 in Mammalian
Postmitotic Neurons
To determine whether Tcf4 also regulates Neurexin (Nrxn1) in
mammals, we used lentivirus-mediated siRNA to knock down
Tcf4 in differentiated neural cells derived from NSCs/NPCs and
analyzed Nrxn1a expression by qRT-PCR using primers specif-
ically targeting Nrxn1a (Treutlein et al., 2014; Ushkaryov et al.,
1994), which is homologous to Drosophila nrx-1 (Zeng et al.,
2007).We observed a significant increase inNrxn1amRNA levels
in the differentiated neural cells, but a significant decrease in
the undifferentiated NSCs/NPCs upon Tcf4 knockdown as
compared to scrambled siRNA controls (Figure 7A). We also
observed significant increase in Nrxn1b and Nrxn2 mRNA
expression, but decrease in Nrxn3 mRNA expression after Tcf4
knockdown in differentiated cells (Figures 7A and 7B). However,
Nrxn1b and Nrxn2 exhibited slightly increased expression, while
Figure 6. TCF4 Knockdown Promotes, but
Overexpression Represses Neurite Branching
in Mouse Mature Olfactory Neurons In Vivo
(A) Representativemature olfactory interneurons of the
mouse olfactory bulb.
(B–D) Quantitative analyses of (B) total dendritic
length, (C) total dendritic length by type, and (D) total
number of dendrites. The nucleus is labeled in blue.
The GFP is labeled in green. The scrambled control is
labeled as control, Tcf4 knockdown is labeled RNAi #,
and Tcf4 overexpression is labeled as OE in all cases.
The error bars represent SE in all cases (n = 4–6 ani-
mals in each case) (* indicates p < 0.05 and ** indicates
p < 0.01). The scale bar represents 50 mm.Nrxn3 showed no significant change after Tcf4 knockdown in the
proliferating NSCs/NPCs (Figures 7A and 7B). During the neural
cell differentiation process (the scrambled control), the mRNA
expression of Nrxn1b, Nrxn2, and Nrxn3 significantly increased,
but theNrxn1a expression remained unchanged (Figures 7A and
7B). These data suggest that Tcf4 in postmitotic neural cells
suppresses Nrxn1a, Nrxn1b, and Nrxn2, but promotes Nrxn3
transcription. In proliferating NSCs/NPCs, Tcf4 is required to
maintain Nrxn1a expression, but suppresses Nrxn1b and Nrxn2
transcription. These observations are similar to what we observe
in Drosophila, with respect to Nrxn1 and Nrxn2, where the
expression of these genes increases after Tcf4 knockdown.
Because Da has been previously shown to bind cis-regulatory
elements of the nrx-1 locus in Drosophila (MacArthur et al.,
2009), we determined if Tcf4 also binds to potential cis-regulato-
ry elements of mammalian Nrxn1. We used ChIP to analyze four
areas surrounding the promoters of both the Nrxn1a and Nrxn1b
genes (Figure 7C) (Treutlein et al., 2014; Ushkaryov et al., 1994)
in postmitotic neurons differentiated from adult mouse NSCs/
NPCs. We utilized the ID2 promoter as a positive control for
Tcf4 binding (Figures 7D–7F) (Ghosh et al., 2014). We observed
a significant enrichment of Tcf4 occupancy to a various extent
at all four promoter/enhancer regions of the Nrxn1a andNrxn1b genes compared to IgG controls (Fig-
ures 7C–7G). Taken together, these data are
consistent with the data observed in
Drosophila and suggest that Tcf4 binds to
Nrxn1a and Nrxn1b cis-regulatory elements
in postmitotic mammalian neurons to regu-
late Neurexin transcription.
DISCUSSION
The essential role of the proneural proteins
Da/Tcf4 in neurogenesis has been long es-
tablished (Guillemot, 2007; Powell and Jar-
man, 2008). Here, we show that both Da
and Tcf4 appear to function in a similar, un-
expected fashion in postmitotic neurons by
restricting the number of neurite branches.
We show that Da functions to restrict axonal
arborization in postmitotic neurons at the
fly NMJ by repressing nrx-1 expression. Wesuggest that Da accomplishes this repression, at least in part,
through homodimerization. We further show that the Da homo-
log, Tcf4, also functions to restrict neurite growth and branching
in mouse postmitotic neurons. Tcf4 binds to Nrxn cis-regulatory
elements in postmitotic neurons, and knock down of Tcf4 in
postmitotic neurons leads to increased Nrxn mRNA expression.
How Da and Tcf4 accomplish this restriction of synapses in
postmitotic neurons is currently unknown. This may be accom-
plished either through altered synaptic pruning of postmitotic
axons and dendrites and/or may be accomplished by altering
synapse development during circuit formation in these cells. This
will require further experimentation to fully resolve. However, our
data may indicate that the primary defect in postmitotic neurons
is a defect in branching with a secondary defect in presynaptic
boutonnumber. The fact thatwedonot observea significanteffect
in neurotransmission whenwe knock downDa in postmitotic neu-
rons, as well as the fact that Da overexpression does not alter
active zone number would be consistent with a defect that is pri-
marily in branching. However, we do observe a significant effect
on larval locomotion behavior when we knock down Da. The
disparity between the electrophysiology and behavioral data is
likely due to differences in the number of cells involved in each
response. While electrophysiology measures only the activity ofCell Reports 15, 386–397, April 12, 2016 393
Figure 7. Endogenous Tcf4 Suppresses
Neurexin1 Transcription via Direct Binding
to its Promoter in Mouse Differentiated
Neural Cells
(A and B) qRT-PCR analysis showing Tcf4 knock-
down (A) increased mRNA expression of Nrxn1a
and Nrxn1b, and (B) Nrxn2, but decreased Nrxn3 in
NSCs/NPCs under differentiation condition,
whereas Tcf4 knockdown in proliferating NSCs/
NPCs (A) decreased Nrxn1a, but increased Nrx1b
and (B) increased Nrxn2. The data represent fold
changes in the mRNA levels of Nrxns in the indi-
cated group relative to the Scramble siRNA control
group in proliferation media.
(C–G) ChIP-qPCR assay showing the binding of
Tcf4 to various promoter regions of Nrxn1. (A, B,
and C–G) Diagram illustration of the 2-kb promoter
regions of Nrxn1a and Nrxn1b and corresponding
regions covered by PCR primers, transcription start
site (TSS). The representative endpoint PCR prod-
uct is shown in DNA agarose gel (D and E) and
quantitative SYBR Green-based PCR data are
shown as fold enrichment relative to IgG control (F)
ormelting curve analysis due to absence of Ct value
in the IgG control (G). NSCs/NPCs from adult
mouse brain were cultured in proliferation (E) or
differentiation (D) media for 3 days followed by
ChIP-qPCR assay. ID2 is used as positive control
for the ChIP assay. *p < 0.05 and **p < 0.01 indicate
statistical significance compared with corre-
sponding Scramble siRNA (A and B) or IgG control
(F). ++ p < 0.01 indicates a statistical significance
compared with corresponding Scramble control in
proliferation media (A and B).two segmental motor neurons and a single postsynaptic muscle,
larval locomotion requires the cumulative activity of several types
of neurons in addition to postsynaptic muscles. The segmental
motor neuron activity that inducesmuscle contraction is activated
bypresynaptic cholinergicneurons, limited indurationby interneu-
rons, and coordinated between segments by sensory neurons.
Therefore, changing the levels of Da in all neurons using elav-
Gal4 could affect locomotion by affecting the neurons upstream
of segmental motor neurons leading to behavioral phenotypes.
We suggest that Da homodimers mediate nrx-1 expression
in postmitotic motor neurons. This does not rule out the pos-
sibility, however, that Da may also require heterodimeriza-
tion partners to function normally in postmitotic neurons. For
example, in postmitotic neurons the Id protein promotes394 Cell Reports 15, 386–397, April 12, 2016neurite elongation by heterodimerizing
and suppressing the activities of other
neurogenic bHLH transcription factors
such as NeuroD (Iavarone and Lasorella,
2006). By knocking down Da/Tcf4 we
may phenocopy Id repression, whereby
neurogenic bHLH factors fail to heterodi-
merize and bind to DNA due to de facto
increased Id overexpression. This may
lead to neurite elongation observed both
in vivo and in vitro.The discovery of Tcf4 in postmitotic neurons opens up addi-
tional possibilities for the role this protein may play in the cells
and in human diseases associated with TCF4. Common small
nucleotide polymorphisms in TCF4 are associated with schizo-
phrenia (Schizophrenia Psychiatric GWAS, 2011; Quednow
et al., 2014; Shi et al., 2009; Stefansson et al., 2009; Steinberg
et al., 2011), while loss of heterozygosity in TCF4 is associated
with Pitt-Hopkins syndrome (Amiel et al., 2007; Brockschmidt
et al., 2007; Sepp et al., 2012; Zweier et al., 2007). Further under-
standing TCF4 function in postmitotic neurons could have a pro-
found impact on our understanding of the etiology of these
diseases. For example, if TCF4 functions to regulate changes
in gene expression required for synaptic pruning or plasticity in
mature neurons, then the manipulation of endogenous TCF4
function and/or identification of TCF4 related gene expression in
postmitotic neurons in diseases might open up novel therapeutic
avenues for treatment of these disorders.
In addition to TCF4, variants in NRXN1 predispose to schizo-
phrenia and autism spectrumdisorders (Duong et al., 2012; Kirov
et al., 2009). Interestingly, whenNrxn1 is specifically knocked out
in adult neurons in transgenic mice, these mice exhibit autism-
like behaviors including increased self-grooming and deficits in
social interactions (Rabaneda et al., 2014), linking loss of Nrxn1
function to adult, postmitotic neurons. Recent studies suggest
that TCF4 andmembers of the Neurexin familymay share a com-
mon signaling pathway and that Nrxn1 is a transcriptional target
of TCF4 (MacArthur et al., 2009). In Drosophila, loss-of-function
mutations in nrx-1 lead to fewer boutons, altered active zone
apposition, and disrupted synaptic transmission (Li et al., 2007;
Zeng et al., 2007). Conversely, overexpression of Nrx-1 leads to
increased bouton numbers (Li et al., 2007). In our model, we
observe that reduced levels of Da lead to an increase in the levels
of Nrx-1 protein, the only Neurexin in Drosophila. In mouse, we
found Tcf4 binds to the promoter of both Nrxn1a and Nrxn1b
and suppresses Nrxn1a and Nrxn1b expression in the differenti-
ated neural cells. We also observed a similar effect in Nrxn2 by
Tcf4 knockdown. However, we found that Nrxn3 expression is
downregulated by Tcf4 knockdown in differentiated neural cells.
This may reflect the distinctive function of Nrxn3 compared
toNrxn1andNrxn2 (Aoto et al., 2015). Thesharedexpressionpat-
ternsandsynaptic localizationofNrx-1 inDrosophilaandNrxn1 in
mammalian postmitotic neurons, and the highly conserved trans-
synaptic function of neurexins at the synapse, suggest that
Nrx-1/Nrxn1 may partially mediate Da/Tcf4 phenotypes and
that this mechanism might be evolutionarily conserved.
In summary, we propose that Da/Tcf4 function in postmitotic
neurons is important for properly sculpting appropriate neuronal
circuitry in the nervous system. Impaired Da/Tcf4 function in
these neurons can lead to defects in neural circuit formation,
synaptic transmission, and behavior. This research opens up
the possibility of further exploring how Da/Tcf4 affects circuit
formation in postmitotic neurons and may also enhance our
understanding of the pathology of human disorders associated
with altered TCF4 gene expression.
EXPERIMENTAL PROCEDURES
Multilabeled Immunohistochemistry
The larval filet preparations and mouse brains were fixed with 4% paraformal-
dehyde. Then the tissue sections were immunostained with various antibodies
for multiplex fluorescence evaluation. Additional details are found in the
Supplemental Information.
Bioinformatic Analysis
To compare the gene sets, a collection of MATLAB scripts were written that
utilized network programming and file operation concepts in addition to statis-
tics. The ChIP-chip data for Da (MacArthur et al., 2009) and microarray data
from SH-SY5Y cells for TCF4 (Forrest et al., 2013) were utilized. Additional
details are found in the Supplemental Information.
Larval Electrophysiological Recording and Behavioral Analysis
Drosophila third instar larvae were prepared for two-electrode voltage clamp
recordings. Segmental nerves were stimulated with a 1 Hz 10 V pulse. Record-
ings were digitized and analyzed by dividing the evoked excitatory junctionalcurrent (eEJC) amplitude area with the miniature excitatory junctional current
(mEJC) area. All larval behavior was digitally recorded using a Sony DCR-
SR47 Handycam with Carl Zeiss optics. Additional details are found in the
Supplemental Information.
Microinjection of Lentivirus in Adult Mouse Brain
Four Tcf4 siRNA expression lentiviral vectors from Applied Biological Mate-
rials were packaged in HEK293T cells. The lentiviruses were concentrated
and purified by ultracentrifugation. Adult mice were anesthetized with avertin
and mounted on a stereotaxic frame. The SVZ was targeted by stereotactic
coordinates (from Bregma) at anterior-posterior (AP) +1.20 mm, medial-
lateral (ML) ± 0.75 mm and dorsal-ventral (DV) 2.4 mm. 1 ml of lentivirus
was injected using a digital micromanipulator. The protocols for mouse
microinjection and lentivirus gene delivery were approved by the IACUC
committee at Temple University (#4324). Mice were housed in shoe box-
type cages equipped with microisolator filter units and bedding materials
and fed with Lab Diet Formula and water in the recently constructed core
animal facility at Temple University. Additional details are found in the
Supplemental Information.
ChIP Assay
Adult mouse NSCs/NPCs were cultured in matrigel-coated 10-cm culture dish
with proliferation media for 3 days and then differentiation media for 3 days.
Additional details are found in the Supplemental Information.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
seven figures, and two tables and can be found with this article online at
http://dx.doi.org/10.1016/j.celrep.2016.03.034.
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